Clonal BC3H-1 muscle cells were studied using patch-clamp techniques.
The structure and ion binding sites of the nicotinic ACh receptor channel were examined by measuring permeability ratios and streaming potentials.
The permeability ratio of lithium to ammonium remained constant from 10 to 150 mu. That result indicates there is one primary binding site in the narrowest region of the channel over the concentration range tested. There are, however, other binding sites and many ions in the large entrance vestibules.
The sites in the wider regions of the channel influence ionic permeation, but the main determinant of transport is the site directly in the permeation
pathway. An estimate of the length of the narrow region was obtained from streaming potential measurements.
The streaming potential is directly related to the number of water molecules coupled to the transport of a permeant ion through the pore. Under proper experimental conditions, streaming potential measurements indicated that the narrowest cross section of the pore holds only about 6 water molecules.
Therefore, the narrowest cross section is very short, and it contains one main binding site. The overall results are consistent with the pore being lined by transmembrane helices with a low charge density. Since the open pore has a short narrow region, the helices that rim the pore may spread out from the narrowest cross section. The widening of the pore would expose a second set of transmembrane helices at the interstices between the first set of helices.
Nicotinic acetylcholine receptors (AChRs) are concentrated at synapses throughout the central and peripheral nervous system. Diffusely distributed extrasynaptic receptors appear on embryonic, uninnervated, and denervated muscle cells. The AChRchannel complex mediates synaptic transmission. Upon binding ACh, the AChRs open cation-selective channels responsible for depolarizing the postsynaptic cell.
The AChR channel is composed of 5 subunits, 4 of which are different, homologous polypeptides. There is general agreement that the 5 subunits are arranged like staves of a barrel around the central pore. The channel is about 14 nm long and has a 3-nm-wide external entrance (Brisson and Unwin, 1985) . Deep-er in the pore the narrowest cross section is 0.65 x 0.65 nm . Little else is known about the internal structure of the channel,
The narrowest portion of the channel is an important determinant of permeability. In the wide regions of the channel, ions are likely to move much as in bulk solution. In the narrow region, a permeant cation must interact with the polypeptide walls. Dipoles and charged amino acids in the narrow region could coordinate around the cation to form a binding site or energy barrier that determines selectivity and limits the transport rate. Various structural models for the channel predict different transmembrane helices line the inner, narrow portions of the pore. Ifamphipathic helix M5 or M7 lines the pore (FinerMoore and Stroud, 1984; Guy, 1984; Ratnam et al., 1986) , then there are rings of charges that should produce a series of highaffinity binding sites. If uncharged helices line the pore (Claudio et al., 1983; Devillers-Thiery et al., 1983) , then multiple binding sites in the permeation pathway are less likely.
The experiments presented here estimate the length of the narrow region and determine the number of binding sites that limit permeation. The number of binding sites directly in the permeation pathway is determined from the concentration dependence of the permeability ratio. The length of the narrow region is estimated in 2 ways. The permeability ratio measurements estimate the number of ions the narrow region can hold. Streaming potential measurements estimate the number of water molecules in the narrow region. Preliminary results of this work were presented at meetings (Dani, 1986b (Dani, , 1987 (Dani, , 1988 .
The experiments
The strongest evidence about the number of binding sites along the permeation pathway comes from the concentration dependence of the permeability ratio (see Levitt, 1986) . The permeability ratio is calculated from the reversal potential under particular experimental conditions. One permeant ion is placed on one side of the membrane and the same concentration of a different permeant ion is placed on the other side. The 2 cations move in opposite directions down their concentration gradients through open AChR channels. The 1 -way fluxes depend on the different permeabilities of the 2 cations. The net ionic flux is zero at the reversal potential. If the ratio remains constant as the concentration is varied, that is strong evidence there is one main binding site directly in the permeation pathway over that concentration range. Such a site would be most likely located in the narrowest region of the pore where amino acid side chains could coordinate around the cation to form the binding site. Therefore, this result is indirect evidence for the number of cations within the narrow region.
A more direct measure of the length of the narrow region is obtained by estimating the number of water molecules it can hold. Streaming potential measurements directly tell the number of water molecules coupled to the transport of a permeant cation through the channel (Levitt et al. 1978; Rosenberg and Finkelstein, 1978) . The water molecules coupled to the largest cation that can fit through the pore give an estimate of the number of water molecules in the narrowest region. As the largest cation passes through, the water molecules in the narrowest cross section of the pore must be pushed out in front. The length is calculated by knowing that the narrowest cross section of the AChR channel holds 4 water molecules abreast and that a water molecule is about 0.3 nm in diameter.
How does a streaming potential arise? Identical solutions bathe both sides of the membrane. Then, an impermeant nonelectrolyte is added to one side. The osmotic pressure gradient causes a water flux through the membrane and through open AChR channels. The water flux through the open channels drags permeant cations along, but the impermeant anions are left behind. Therefore, the water flux causes a separation of charge that produces a potential. This potential is appropriately called the streaming potential. The streaming potential is measured as the change in the reversal potential caused by adding an impermeant nonelectrolyte to one side of the membrane.
Materials and Methods determination of V,, to avoid unstirred layer artifacts (Dani and Levitt, 1981; Barry and Diamond, 1984) . Most reversal potential measurements used the whole-cell configuration to patch-clamp spherical cells less than 30 pm in diameter. Because the cells were loosely attached to the cover glass, the whole cell could be lifted by the patch pipette without disturbing the seal. There was about a 10% success rate for lifting the cell after obtaining a wholecell seal. For fast solution changes, the cell was positioned next to the outflow port of a U tube (adapted from Krishtal and Pidoplichko, 1980; Fenwick et al., 1982) . The U tube (PE 190) had a pressure head of the external solution applied to one end and a vacuum applied to the other end, and it had an elongated 1 x 0.5 mm hole at the base of the U. The vacuum and pressure heads were balanced to prevent flow out of the hole. When a solenoid switch (General Valve Corn.. Fairfield. NJ) blocked the vacuum, a large volume of the external solution flowed out the hole. This outflow rapidly changed the solution bathing the cell. Alternatively, the cell could be plunged into the hole in the direction of the pressure head to obtain a rapid solution change. Either method changed the external solution in about 100 msec. To visualize the balance of the vacuum and the pressure head, phenol red was added to the solution in the U tube.
The spherical cell was current-clamped to zero current to obtain a continuous record of the reversal potential. Constant-current pulses were applied to estimate the resistance of the membrane. The size of the constant-current pulse varied from seal to seal. In an acceptable experiment, the resistance of the whole-cell seal was greater than a gigaohm throughout the experiment, and application of ACh induced a detectable fall in the resistance.
To ensure an accurate measurement, V,, in the test solution was always bracketed by measurements in a control solution. An experiment was accepted only if the bracketing measurement gave a consistent value. Then the difference between the reversal potential in the test solution and control solution was calculated. Consistent offsets in the absolute AChR channels from clonal BC3H-1 mouse muscle cells were studied using patch-clamp techniques.
Tissue culture. Clonal BC3H-1 cells were maintained using standard techniques (Sine and Taylor, 1979; Sine and Steinbach, 1984) . The cell line was maintained in Dulbecco's Modified Eagle (DME) medium plus 10% heat-inactivated fetal bovine serum (10% DME), 25 mM glucose, 100 units/ml penicillin, 100 &ml streptomycin, and 2 mM glutamine. For patch-clamp experiments the cells were passed onto glass coverslips (Sine and Steinbach, 1984) . There, the cells were maintained in 0.5% DME to inhibit cell division and promote differentiation and production of AChRs. The cells were fed every other day.
an equal concentration of a different permeant ion on each side of the potentials cancelled when the potential difference was calculated. With membrane, the permeability ratio was calculated from the following equation: P,,,,,, = exp [(zFI'r,,) 
The number of water molecules (N) coupled to the transport of a permeant is related to the streaming potential (I',,,) and the osmotic pressure (P,,.J by N = (zFV,,,)I( WP,,,J, where z, F, R, and T have their usual values and W is the molar volume of water (Levitt et al., 1978; Rosenberg and Finkelstein, 1978) .
As a test for artifacts, streaming potentials were measured with BC3H-1 cells doped with gramicidin channels. The above procedures were exactly duplicated to verify the methods. Gramicidin (ICN Pharmaceuticals Inc., Cleveland, OH) was introduced into the cell membrane by the following procedure. Gramicidin powder was dissolved in methanol. A patch pipette was filled with the gramicidin-doped methanol. Then, with a separate electrolyte-filled pipette, a whole-cell seal was obtained. The cell was lifted from the cover glass as described above. The pipette filled with gramicidin was positioned just below the cell. Slight pressure applied to that pipette caused the gramicidin/methanol solution to float up toward the cell. Gramicidin is a hydrophobic polypeptide that is insoluble in water (see Andersen, 1984) . Therefore, when the methanol entered the bath solution, the methanol was diluted and gramicidin began to precipitate. If the methanol/gramicidin pipette was too far below the cell, the gramicidin would precipitate out of solution and would not enter the membrane. If the methanol/gramicidin pipette was too close to the cell, the methanol would damage the membrane and the cell would become leaky.
For some whole-cell, patch-clamp experiments it was necessary that the cells form spheres that were only loosely attached to the cover glass. An enzyme treatment 5 d after plating was used to create the loosely attached spherical cells. The cells were treated for 30 min in DME plus 5 mM HEPES, pH 7.4, and 1 mg/ml collagenase (Sigma, Type IA). Then, the cells were treated for l-5 min in PBS plus 0.025% trypsin (Sigma, Type IX). When most ofthe cells had formed spheres and about 10% of them had floated away, the reaction was stopped by several washes with 0.5% DME. The cells were maintained as usual for 5 d before they were used for experiments. In some cases, 2 nM vinblastine (Sigma) was added to the 0.5% DME to ensure that the cells remained spherical.
Patch-clump techniques. Standard patch-clamp techniques (Hamill et al., 1981; Sakmann and Neher, 1983) were applied using a List EPC-7 patch-clamp (Medical Systems Corp., Great Neck, NY). The patch pipettes were coated with Sylgard (Dow Coming Corp., Midland, MI) and polished over a hot platinum wire coated with glass . Outside-out membrane patches were used for the single-channel measurements. The patches were placed deeply into an inflow port of the external solution, which contained 0.1-0.8 PM ACh to induce AChR channel openings. The currents were filtered at l-2 kHz bv an 8-nole Bessel filter fLPF 902. Freauencv Devices. Haverhill, MA) and sampled every lob-200 psec into a PDP 11/73 computer through a 12-bit A/D converter (Indec Systems Inc., Sunnyvale, CA). For current-clamp experiments, samples were taken every 1 .O msec. The computer system also delivered stimuli through a 12-bit D/A converter.
Permeability ratio and streaming potential experiments. Both the permeability ratio and streaming potential experiments relied on an accurate measurement of the reversal potential (I',,,) . The streaming potential experiment also required a fast solution change and a quick Gramicidin in methanol was passed near to the cell until the resistance of the cell fell from about a gigaohm to small fraction of a gigaohm. During the development of this technique, the resistance of the cell was measured periodically in a Tris solution. Gramicidin is impermeable to Tris. Therefore, if the resistance change was detected in the Tris solution, then the membrane was leaky. If the resistance change was detected in a sodium solution but not in the Tris solution, then many gramicidin channels had entered the membrane. Streaming potentials were measured as usual, except no ACh was present in the external solutions.
Solutions. A wide range of solutions was used in the experiments. To prevent contamination during the formation of the seal, the concentration of the main permeant in the solution bathing the cells was the same as in the patch pipette. The osmolarities of the solutions were measured with a Wescor vapor pressure osmometer (Scimetrics, Inc.). The experiments were conducted at room temperature, 21°C. Unless stated Figure 1 . A Nernst potential measurement to verify the techniques. A spherical BC3H-1 cell was current-clamped to zero current to obtain a continuous reading of the reversal potential. Three constant-current pulses of 5 pA were applied to each record. At the arrow in each record, the external solution was rapidly changed. The new external solution contained 1 PM ACh, which caused AChR channels to open and the resistance of the cell to fall below a gigaohm. The middle trace is the reversal potential measurement with an activity of 98 mM Cs+ outside and of 111 mM Cs+ inside. This record is bracketed by controls with 111 mM Cs+ inside and outside. The difference between the reversal potentials in the 2 external solutions is -3 mV. This observed change in the reversal potential agrees with the expected Nemst potential based on the activities of the 2 solutions. The seal improved as the experiment progressed.
otherwise, the salts were obtained from Sigma Chemical Co. and J. T. Baker Chemical Co.
The cations used in the permeability ratio experiments and the singlechannel measurements were NH,+ and Li+. These cations were chosen because their permeabilities are different enough to produce easily measured reversal potentials . The bath was 150 mM NH,Cl or LiCl, 2 mM MgCl,, 1 mM CaCl,, 5 mM HEPES. Since low concentrations of divalent cations can influence single-channel currents of a monovalent cation , the external solution bathing the patch was nominally divalent free: 150 mM NH,Cl or LiCl, 5 mM HEPES with 0.1-0.8 PM ACh. The pipette solution was 103 rn& NH,F or LiF. 25 mM NHCl or LiCl. 11 mM EGTA. 2 mM MeCl,. 1 mM'CaC&, 5k~ HEPES. Glucose was added to the solutions to-adjust their osmolarities to 0.3 osmolar. The solutions for the 10 and 50 mM experiments were obtained by diluting the above solutions. The osmolarities were adjusted to 0.3 osmolar with sucrose and 1 mM HEPES was added. The pH of these solutions was 7.3.
The streaming potential experiments had 150 mM triethanolammonium chloride or diethanolammonium chloride (Eastman Kodak Co.), 2 mM MgCl,, 1 mM BaCl,, 5 mM HEPES in the bath and external solutions. Decreasing the divalent concentration to 1 mM MgCl, and 0.5 BaCl, had no effect on the streaming potential. The internal, pipette solution was like the pipette solution described above with one of the large organic cations as the permeant species. The pH of these solutions was 7.0. The sodium solutions were also like those described for the single-channel experiments. For the permeability ratio experiments, liquid junction potentials were measured between a 3 M KC1 electrode and the Ag/AgCl bath electrode using the tracking circuit of the patch-clamp. The solutions and configuration of the setup duplicated the experimental conditions. The liquid junction potentials were monitored as a function of time. Solution flow from the U tube did not alter the bath enough during an experiment to change the junction potential. The liquid junction potentials maintained consistent values on repeated measurements. The values ranged up to 5 mV in 150 mM electrolyte, 6 mV in 50 mM, and 8 mV in 10 mM. Liquid junction potentials did not exist for the streaming potential experiments because the electrolyte solutions in the bath and in the U tube were the same.
Sucrose was used as the impermeant nonelectrolyte in the streaming potential experiments. Several of the streaming potential measurements with gramicidin used urea as the impermeant nonelectrolyte. At the concentrations used in these experiments, sucrose did not affect the activity of sodium. Ion-specific electrodes were not available for the large organic cations.
Results
The experiments required rapid solution changes and a quick, accurate determination of the reversal potential (V,,). Figure 1 demonstrates that small reversal potentials were quickly and accurately measured by the procedures described above. The Single-channel currents at the indicated holding potentials are shown above. The reversal potential was estimated from the current-voltage relations by drawing a solid curve through the data points with Li+ outside and NH,+ inside (A) and a dotted line through the controls with NH,+ inside and outside (0). The SEs are smaller than the data symbols. The lines have no theoretical significance. The liquid junction potential correction has been applied to these data. measured change in the V,,, upon changing the external activity of the permeant cation, Cs+, was in agreement with the expected Nemst potential of -3 mV. Thus, the solution change was complete and the reversal potential due to open AChR channels was accurately measured in about 0.1 sec.
Permeability ratio measurements
The concentration dependence of the permeability ratio of Li+ to NH,+ was determined with NH,+ bathing the inside of the cell and Li+ bathing the outside. In 150 mM electrolyte, the reversal potential was determined by current-clamping whole (Fig. 2) and by single-channel measurements (Fig.  3) . The single-channel measurements confirm the current-clamp approach. In 10 mM electrolyte, only the whole-cell currentclamp measurement was made (Fig. 4) . A summary of the results follows as V,, mV * SE(n): -21.5 f 0.9 (6) in 150 mM, -19.5 * 2.6 (4) in 50 mM, and -22.3 f 0.6 (8) in 10 mM. PLIIPNH4 is constant over this concentration range, and the ratio equals about 0.44. Figure 5 shows current-voltage relations with either 150 mM Li+ or NH,+ bathing both sides of the membrane. The conductance in Li+ is 17 pS and in NH,+ is 79 pS. The conductance ratio is 0.22.
Streaming potential measurements
Artifacts can develop during the streaming potential (V,,,) measurement, especially due to unstirred layers (see Levitt et al., 1978; Rosenberg and Finkelstein, 1978; Dani and Levitt, 198 1) . To test for artifacts, streaming potentials were measured with BC3H-1 cells doped with gramicidin channels. This is a critical test for problems because the streaming potential of gramicidin channels has been carefully measured in lipid bilayer membranes. Figure 6 shows a measurement of V,,, when gramicidin channels were the permeation pathway in a current-clamped BC3H-1 cell. V,,, equaled -4.3 and -4.5 mVlosmola1 in 2 determinations.
These values agree with the streaming potential finally determined using lipid bilayers (see Levitt, 1984) . In bilayer membranes or BC3H-1 membranes, about 9 water molecules are associated with the transport of Na+ through the gramicidin channel.
Streaming potentials associated with AChR channels were determined using permeant cations triethanolammonium, diethanolammonium, or sodium. Figure 7 shows voltage-clamp records of whole BC3H-1 cells, indicating these cations do carry current through the AChR. When 1-[N,N-bis(2-hydroxyethyl)amino]2-propanol and triisopropanolammonium were tested, these organic cations slightly larger than triethanolammonium did not carry current.
The upper 3 current-clamp records in Figure 8 show a streaming potential measurement with the largest permeant cation, triethanolammonium. The upward deflection in a solution of the permeant plus 1 PM ACh is slightly larger than in an identical solution containing 0.4 osmolal sucrose. The bottom 3 records were taken during the experiment to check for problems. Two records taken in the bath indicate that the cell and seal remained well behaved throughout the experiment. To test for movement artifacts or stretch-activated channels, the osmotic gradient was applied to the cell without opening AChR channels. As indicated by the bottom, middle trace, no unexpected streaming potential or other artifactual potential resulted.
Another possible problem is that a chloride permeation pathway would shunt the streaming potential. To test for this problem, chloride was replaced by the large anion, methanesulfonate. The impermeant nonelectrolyte for these experiments was sucrose. V,,, is the streaming potential; SE is the standard error; n is the number of determinations. Figure 9 shows a streaming potential measurement with triethanolammonium as the permeant and methanesulfonate as the anion. Table 1 lists streaming potentials under all experimental conditions. The results indicate about 5-6 water molecules are coupled to the transport of the largest cation through the AChR channel.
Discussion
The lithium/ammonium permeability ratio remains constant over a concentration range from 10 to 150 mM. This result indicates there is one main cation binding site directly in the permeation pathway. Every cation that passes through the channel must encounter this site, and the cation may encounter other sites. Since the conductance ratio does not equal the permeability ratio at 150 mM, there is significant occupancy of the site (Decker and Levitt, 1983; see Levitt, 1986) . Although the primary binding site is occupied, other binding sites directly in the permeation pathway are not significantly occupied at this concentration. Other cationic species and higher electrolyte concentrations should be expected to reveal lower-affinity sites along the permeation pathway. Figure 6 . A streaming potential determination with gramicidin channels to verify the techniques. About 3000 gramicidin channels were introduced into the BC3H-1 membrane. The cell was current-clamped to zero current and three 10 pA, constant-current pulses indicate the resistance. The arrows indicate when the external solution was changed. The middle record is a control, where a divalent-free sodium solution was applied. This record is bracketed by applications of the same solution containing 0.5 osmolal impermeant urea, which produced the osmotic pressure gradient. The streaming potential was taken as the difference between the control and tests at early times (about 0.1 set). iT Streaming potentials indicate there are about 6 water molecules coupled to the transport of the largest cation. The narrowest cross section of the pore holds 4 H,O abreast . Therefore, the narrowest cross section is about 0.3-0.6 nm long. The result explains why there is only one main binding site that limits permeation. Only in the narrowest cross section can the protein walls coordinate around a cation to form a site that is directly in the permeation pathway. Because of electrostatic repulsion of like charges, the short narrowest region can hold only one cation at a time over the concentration range tested.
Validity of the results Figure 1 demonstrates the main requirement for both sets of experiments. Small reversal potentials could be measured accurately. Also, the measurement was completed quickly, before unstirred layer artifacts developed (see Levitt et al., 1978) . Fur--50 mV r permeant cations. The cells were voltage clamped. The holding potential and scale bars are indicated next to each record. Note that the current scale changes by a factor of 10. Two organic I cations larger than triethanolammon-Q, ium did not produce measurable cur-0 rents.
IS ther evidence against unstirred layer artifacts is that the streaming potential remained constant while the osmotic driving force varied (see Dani and Levitt, 198 1; Barry and Diamond, 1984) . The evidence indicates that open AChR channels provided the low-resistance pathway for ion movement in these experiments. Anion channels were not a problem because potentials were the same whether chloride or methanesulfonate was the anion (Table 1) . Stretch-activated channels were not a problem because application of an impermeant without ACh did not produce an artificial streaming potential (Fig. 8) . Finally, triethanolammonium is too large to pass through most other channels (see Hille, 1984) .
The most important experiment to confirm the results was the streaming potential measurement with gramicidin channels introduced into the BC3H-1 membrane. The measured streaming potential was in agreement with the value finally determined using lipid bilayer membranes (Levitt et al., 1978; Rosenberg bath 0.4 osm, no ACh bath w--/h Figure 8 . A streaming potential determination with triethanolammonium as the permeant cation in the AChR channels. The cell was currentclamped to zero current and three 2 PA, constant-current pulses indicate the resistance. The arrows indicate when the external solution was changed. The upper middle record is a control, where triethanolammonium and ACh were applied. This record is bracketed by applications of the same solution containing 0.4 osmolal impermeant sucrose, which produced the osmotic pressure gradient. The upward deflection upon application of the ACh solution is largely due to the difference in activity between the internal and external solutions. The internal solution here was fluoride solution mixed with triethanolamine base and HF acid and the external solution was mixed from the chloride salt. The streaming potential was determined from the difference between the reversal potential in the control and in the solution containing sucrose. The streaming potential measured with triethanolammonium was always about -2.4 mV/osmolal whether or not there was a small activity difference across the membrane. The bottom records check for artifacts. The 2 records obtained in the bath indicate the resistance of the membrane remained constant and drift was small throughout the experiment. In the bottom middle record, 0.4 osmolal sucrose,without ACh was applied. Although the resistance of the membrane increased slightly, no artifactual streaming potential was produced. Levitt, 1984) . Both measurements indicate there are about 9 water molecules in the gramicidin channel. This result indicates that the streaming potentials were measured without artifacts.
How can the result be interpreted? The streaming potential directly gives the number of water molecules coupled to the transport of a cation through the channel. To obtain structural information, it is assumed that the largest permeant ion fills the cross section at the narrowest portion of the channel. Then, the number of water molecules coupled to the largest cation is an estimate of the number of water molecules in the narrow region (see Miller, 1982) .
Evidence indicates it is valid to assume water molecules in the narrow region are coupled to triethanolammonium movement through the AChR pore. Although triethanolammonium carries current, slightly larger cations are impermeable ( Fig. 7; see Dwyer et al., 1980) . Therefore, triethanolammonium is one of the largest permeant cations. A space-filling model of triethanolammonium completely fills a hole equivalent to the narrowest cross section determined by Dwyer et al. (1980) . Spacefilling models indicate even diethanolammonium is too large to allow a water molecule to pass by it. Consistent with this finding, these 2 large cations produce the same streaming potential (Table 1). Sodium, which does not fill the narrowest cross section, produces a smaller streaming potential. That result indicates that the hydration shell of sodium must exchange many times during transport.
Permeation in the AChR channel Most nonelectrolytes and monovalent cations that are small enough are permeable (Maeno et al., 1977; Huang et al., 1978; Dwyer et al., 1980) . Small divalent cations also are permeable (Bregestovski et al., 1979; Marchais and Marty, 1979; Adams et al., 1980; Magleby and Weinstock, 1980; Takeda et al., 1982) , and they have a relatively high affinity for the channel .
Although a single ion binding site can describe much of the permeation data, such a simple model cannot explain all the results (Lewis and Stevens, 1979; Sanchez et al., 1986; Dani and Eisenman, 1987) . Studies of current-voltage relations and current blockers suggest multiple binding sites (Barry et al., 1979; Adams et al., 198 1; Eisenman, 1984, 1987; Dwyer and Farley, 1984; Dwyer, 1986; Sanchez et al., 1986 ; for reviews, see Barry and Gage, 1984; Dani, 1988) .
Especially in the wide vestibules, the AChR channel contains many ions and charged amino acids provide binding sites (Dani, 1986a; Fairclough et al., 1986) . Particularly divalent cations can bind to the charged amino acids once they are attracted into the vestibule by the local negative potential (Dani, 1986a; Imoto et al., 1986; Dani and Eisenman, 1987) . Unlike the site in the narrowest region, these binding sites could become saturated without limiting ion transport. In the regions where the channel is wide, cations could pass by occupied sites and carry current. Occupancy of such sites would influence permeation, but those sites might not limit ion transport or be the predominant determinants of permeability.
Internal structure of the AChR channel Figure 10 schematically presents a structure for the AChR channel consistent with functional studies. The general shape and dimensions summarize many structural studies (Ross et al., 1977; Wise et al., 1979; Kistler et al., 1982; Brisson and Unwin, 1985 ; for reviews, see Guy and Hucho, 1987; Claudio, 1989) . The streaming potential and permeability ratio indicate that the narrowest cross section is short and singly occupied. Theoretical and permeation studies suggest that the vestibules contain a net negative charge that attracts cations into the pore (Dani, 1986a; Imoto et al., 1986; Dani and Eisenman, 1987; see Eisenman and Dani, 1987) .
A single main binding site dictating transport and the energetics of ion transport models argue against highly charged helices lining the membrane spanning region of the pore. Much evidence (see Claudio, 1989) indicates uncharged, polar, transmembrane alpha-helices provide the lining. Labeling of the channel by noncompetitive inhibitors (Giraudat et al., 1986; Hucho et al., 1986; Oberthur et al., 1986) , permeation studies with delta-subunit chimeras (Imoto et al., 1986) , and negative charges flanking the transmembrane helix suggest that helix M2 may line the pore. Helix M 1, however, is labeled by other intrachannel blockers (Karlin et al., 1986) . In addition, Ml has highly conserved proline residues that suggest a channel-lining or gating role Eisenman and Dani, 1987) . Possibly the short narrow region reported here results because the helices that line the pore are tilted. Away from the narrowest region, the helices that line the open pore may spread out. In this wider region, a second set of transmembrane helices would then be exposed to the pore lumen. In that way, both Ml and M2 may provide lining for the open pore and could both bind intrachannel labels under different experimental conditions (see Dani, 1988) .
